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Connexins 40 and 43 are differentially regulated within the tions, including secretion [4, 5]. Junctional channels are
kidneys of rats with renovascular hypertension. formed by two hemichannels, called connexons, each
Background. Connexin 40 (Cx40) is a gap junction protein within the membrane of a different cell [6–8]. Each con-expressed in endothelial cells of vessels, endocardium, and
nexon surrounds a pore of 1.5 nm diameter that allowsconducting cells of the His-Purkinje system of heart. Its distri-
for the passage of ions as well as metabolites and secondbution in the kidney remains to be fully investigated.
Methods. To address this distribution, we generated rabbit messengers up to 1 kD [9]. Connexons are formed by
antibodies directed to a polypeptide comprising amino acids the hexameric assembly of membrane-spanning proteins,
231 to 330 of the carboxy-terminal domain of rodent Cx40, known as connexins, which in mammals belong to awhich specifically recognizes this protein at gap junctions.
family of at least 16 proteins [10, 11].Results. Immunolabeling and in situ hybridization of kidney
The kidney provides a challenging model to relatesections showed that Cx40 and its transcript were coexpressed
by most endothelial cells of vessels and glomeruli, as well as connexin diversity to the function of different cell types
by renin-secreting cells. This distribution contrasted with that [1], since it contains gap junctions between cells of ves-
of Cx43, which was expressed in some tubules of medulla and
sels, juxtaglomerular apparatus, glomeruli, proximal andsparse endothelial cells. Cx40 and Cx43 expression were inves-
distal convoluted tubules, and collecting ducts [12–17].tigated further in a renin-dependent model of hypertension,
in which rats showed an increase in arterial mean blood pres- In addition, myoendothelial gap junctions further con-
sure four weeks after clipping one renal artery [two kidney, nect the endothelial and renin-producing cells of the
one-clip (2K1C) model]. Northern blot analysis of polyA afferent arteriole [15]. Accordingly, mRNAs for nine
RNA demonstrated that, compared with sham-operated ani-
connexins species have been found in this organ: Cx26,mals, the hypertensive 2K1C animals featured an increase in
Cx32, Cx30.3, Cx31, Cx37, Cx40, Cx43, Cx45, and Cx46Cx40 mRNA expression in both left (clipped) and right (un-
clipped) kidneys. In contrast, Cx43 mRNA expression was only [1]. The localization of four of these proteins is known
increased in the latter organ. Antibodies confirmed that the in the adult rodent kidney. Cx26 and Cx32 are abundant
levels of Cx40 were actually increased in the kidneys of hyper- in proximal tubules. Cx45 is detected in glomeruli and
tensive animals (Western blots) and this was caused, at least
distal tubules [18], and Cx43 is found in kidney arteriesin part, by enhanced expression of this protein in the renin-
[17] and collecting ducts [19].secreting cells of the afferent arteriole (immunofluorescence).
We have recently shown that the expression of Cx43Conclusions. Cell-to-cell communication mediated by Cx40
may be implicated in the function of renin-secreting cells, hence is differentially regulated between the smooth muscle
participating in the control of blood pressure. cells of the aorta of hypertensive rats, depending on
model-specific changes in arterial distensibility, and is
consistent with a role of this protein in the regulation of
Gap junctions provide one pathway whereby verte- the elasticity of the vascular wall [20–22]. Hypertensive
brate cells communicate to ensure electrical and mechan- conditions have also been reported to modulate the ex-
ical coupling [1–3], which coordinates different cell func- pression of Cx40 between vascular endothelial cells [23].
In view of the major endocrine role of kidney in the
control of blood pressure [24, 25], we have now studiedKey words: cell communication, gap junctions, vasculature, arterioles,
blood pressure, renin. the distribution of Cx43 and Cx40 in this organ at both
transcript and protein levels. We further compared thisReceived for publication September 19, 2000
distribution in control and hypertensive rats to assessand in revised form January 18, 2001
Accepted for publication January 23, 2001 whether either one of these proteins is specifically modu-
lated by a change in renal artery blood flow and pressure. 2001 by the International Society of Nephrology
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To this end, one renal artery was clipped to stimulate and the homogenates were sonicated and centrifuged for
10 minutes at 3000  g. Supernatants were boiled, andrenin secretion in the hypoperfused kidney. In such a
model, renin secretion is suppressed in the contralateral protein content was determined by the DC protein assay
reagent Kit (Bio-Rad Laboratories, Switzerland). Pro-kidney as a result of the angiotensin II-induced increase
in systemic pressure [20, 21, 26, 27]. tein from BAE cells, aorta, kidney, and crude bacterial
lysates were fractionated by electrophoresis in a 12.5%
polyacrylamide gel and immunoblotted onto Immobilon
METHODS
PVDF membranes (Millipore Co., Bedford, MA, USA)
Antibodies for 20 hours at a constant voltage of 25 V. Membranes
were incubated for 3 hours at room temperature in PBSPlasmid pGST was used to direct the synthesis by Esche-
richia coli (E. coli) of a polypeptide comprising amino containing 3% bovine serum albumin (BSA) and 0.1%
Tween 20 (blocking buffer), and then exposed 20 hoursacids 231 to 330 of rat Cx40, fused with the C-terminus of
a 26 kD gluthatione S-transferase [28–30]. An overnight to the polyclonal antibodies against Cx40, diluted 1:500
in blocking buffer. After repeated rinsing, first in PBSculture of E. coli that had been transformed with the
recombinant plasmid was diluted 1:10 in fresh medium and then in PBS supplemented with 0.1% Tween 20, the
immunoblots were incubated two hours with an anti-Igand grown one hour at 37C before the addition of 0.1
mmol/L isopropyl--D-thiogalactopyranoside. One hour antibody coupled to alkaline phosphatase (Dako Diag-
nostic AG, Switzerland) and diluted 1:5000. Immuno-later, cells were pelleted and lyzed on ice by sonication.
The fusion protein was separated on sodium dodecyl reactive bands were developed with a specific reagent
kit (Bio-Rad Laboratories). In all experiments, the speci-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and eluted from the gel using a biotrap system (Schlei- ficity of the antibodies was tested using both positive
(bacteria expressing the Cx40-GST fusion protein, BAEcher and Schu¨ll, Germany). Site-directed rabbit antibod-
ies were affinity purified from crude serum using a Hitrap cells, Cx40-transfected Hela cells, and rat myocardial
cells) and negative controls (preincubation of the anti-NHS-activated affinity sepharose column (Amersham
Pharmacia Biotech AB, Switzerland), which was coupled bodies with the Cx40-GST protein, incubation with only
the secondary antibodies).to the immunogenic protein. Monoclonal antibodies to
Cx43 were obtained from Zymed (Zymed Laboratories
Immunofluorescence and immunocytochemistryInc., South San Francisco, CA, USA), and mouse mono-
clonal antibodies (2D12) to renin [31] were obtained For light microscopy studies, rats were fully anesthe-
tized by an intraperitoneal injection of Vetanarcol andfrom Professor P. Corvol (Paris, France).
then perfused through the left heart ventricle with 40 mL
Western blotting of PBS. Aorta and kidney were excised and cut in frag-
ments that were quickly frozen in 2-methylbutane pre-Endothelial cells, hereafter referred to as BAE (bo-
vine aortic endothelial) cells, were scraped from freshly cooled in liquid nitrogen. Tissue fragments were frozen
in OCT medium (Miles Inc., Shawnee Mission, KS, USA)removed bovine aortas using a scalpel and were rapidly
frozen in liquid nitrogen. BAE cells were homogenized and cryo-sectioned at approximately 5 m thickness.
Sections were rinsed in PBS, incubated for 30 minuteswith a Kinametic polytron blender (Kriens, Switzerland)
in 100 mmol/L Tris-HCl (pH 7.4), supplemented with in a buffer containing 0.5% BSA, and then exposed for
20 hours to antibodies against either Cx40 (diluted 1:40020 mmol/L ethylenediaminetetraacetic acid (EDTA),
1 g/mL pepstatin A, 1 g/mL antipain (Merck, Switzer- in PBS), Cx43 (diluted 1:500 in PBS; Zymed Laboratories
Inc.), or renin (diluted 1:200 in PBS). Primary antibodiesland), 1 mmol/L benzamidin, 40 KIU/mL aprotinin,
2 mmol/L phenylmethylsulfonyl fluoride (Sigma Chemi- were detected using secondary antibodies labeled with
fluorescein isothiocyanate (Biosystem, France) or rhoda-cal Co., St. Louis, MO, USA), and 1 mmol/L diisopropyl
fluorophosphate (Aldrich Chemical Co., Milwaukee, WI, mine (Molecular Probes Inc., Eugene, OR, USA) and
directed against rabbit or mouse IgG, whichever wasUSA). The homogenates were passed through a syringe
and centrifuged for 10 minutes at 3000 g. Supernatants applicable. Sections were then rinsed in PBS, stained
with Evans’ Blue (only when fluoresceinated secondarywere collected and centrifuged for 60 minutes at
100,000  g at 4C. The crude membrane preparation antibodies were used), viewed with a Axiophot micro-
scope (Zeiss, Jena, Germany), and photographed on Ko-that was pelleted was then resuspended by sonication in
a solubilization buffer containing 62.5 mmol/L Tris, pH dak Tmax 400 films.
For immunolabeling at the electron microscopy level,8.0, 5% SDS, and 10 mmol/L EDTA. Immediately after
sacrifice, rats were infused through the heart with 30 mL anesthetized rats were perfused for five minutes through
the left ventricle using a 2% paraformaldehyde solutionphosphate-buffered saline (PBS). The aorta and kidneys
were excised and rapidly frozen in liquid nitrogen. The in PBS. Aorta and kidneys were then excised and cut in
fragments that were exposed 55 minutes to 4% para-organs were homogenized in the solubilization buffer,
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formaldehyde. The fragments were then embedded at ubiquitously expressed gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).low temperature in Lowicryl K4M resin and thin sec-
tioned using a Reichert OM10 ultramicrotome. Sections
In situ hybridizationwere first incubated 10 minutes in PBS containing 0.5%
bovine serum albumin and then exposed two hours at For in situ hybridization, rats were killed with an over-
dose of methohexital and infused with 40 mL PBS con-room temperature to undiluted antibodies against either
Cx40 or renin. After rinsing, the sections were further taining diethyl pyrocarbonate (DEPC; Sigma). The kid-
neys were rapidly excised, frozen in 2-methylbutaneexposed one hour at room temperature to a preparation
of 15 nm gold particles, coated with protein A, and di- cooled in liquid nitrogen, and cryostat sectioned at 12
m thickness. Sections were fixed 10 minutes with 4%luted 1:150. Sections were then stained with 2% uranyl
oxalate and acetate and examined in a Philips EM301 paraformaldehyde in PBS, rinsed in DEPC, and hybrid-
ized with two different probes for Cx40, correspondingelectron microscope. As negative controls, all experi-
ments included sections that had been exposed only to to a 390 bp (bases 591 to 981) and a 316 bp fragment
(bases 755 to 1071), as previously described [27, 34].either the secondary fluorochrome-conjugated antibod-
ies (immunofluorescence labeling) or the protein A-gold Briefly, hybridization with digoxygenin-labeled anti-
sense riboprobes was carried out for 40 hours at 58Cparticle preparation (electron microscopy labeling).
None of these incubations resulted in a specific staining in 5  SSC and 50% formamide. Sections were washed
for 30 minutes at room temperature in 2  SSC, for oneof the kidney cells examined (data not shown).
hour at 65C in 2  SSC, and for one hour at 65C in
Northern blotting 0.1  SSC and were then stained for alkaline phospha-
tase. Stained sections were dehydrated and mountedKidneys were homogenized in 9 mL 4M guanidine hy-
drothiocyanate containing 25 mmol/L sodium citrate and with Eukitt (O. Kindler Co., Germany). The specificity
of hybridization was ascertained using two sense Cx40100 mmol/L -mercaptoethanol, using a Kinametic poly-
tron blender (Kinametica, Switzerland) and layered onto probes that had the same length, GC content, and specific
activity of the corresponding antisense probe and thata 4 mL 5.7M CsCl cushion. Total RNA was pelleted by
a 20-hour centrifugation at 33,000 r.p.m. in a 50Ti rotor were applied to sections exactly as described previously
in this article.(Beckman). Poly A RNA was obtained by affinity chro-
matography on oligo dT cellulose (Calbiochem-Novabio-
Induction of hypertensionchem AG, Switzerland), as per the manufacturer’s instruc-
tions. Yields were evaluated by absorbance at 260 nm. Procedures for rat care, surgery, and euthanasia were
approved by our institutional committee for animal ex-Six micrograms of poly A RNA were then size fraction-
ated on 1% agarose gels containing 8% formaldehyde periments. Normotensive male Wistar rats (Iffa Credo,
France), weighing 140 to 180 g, were anesthetized with(Fluka, Switzerland) and 1  MOPS buffer (Fluka).
RNAs were transferred overnight to Gene Screen mem- halothane (Arovet AG, Switzerland). In 12 animals, the
left renal artery was clipped with a U-shaped silver clipbranes (Du Pont de Nemours GmbH, NEN Division,
Germany) in the presence of 10 standard saline citrate of 0.2 mm internal diameter. Twelve sham-operated rats
were exposed to the same surgical manipulations, except(SSC). Membranes were ultraviolet cross-linked and vac-
uum baked two hours at 80C. After prehybridization, the clipping. All rats were kept on a regular diet with
free access to water and were housed for four weeks attotal mRNA levels were determined by hybridization
with random primed (Boehringer-Mannheim, Mann- constant temperature and humidity under standard light/
dark cycles. Twenty-four hours before sacrifice, the ani-heim, Germany) cDNA probes, labeled with 32P–dCTP
(Amersham, Switzerland), and prepared using specific mals were instrumented with a catheter in the right inter-
nal iliac artery and another in the right femoral vein.cDNA clones coding for rat Cx40 [32], Cx43 (clone G2,
1.6 kb) [33], renin [26], and the 1.1 kb (HindIII-EcoRI) Both catheters (PE-10; Portex, UK) were exteriorized
between scapulae and filled with a heparinized 0.9%fragment of GAPDH cDNA [20]. Hybridizations were
performed overnight at 42C in the presence of 5  NaCl solution before rats were placed in individual cages.
On the day of the experiment, the rats were placed in aSSPE, 50% formamide, 5  Denhardt’s solution, 5%
SDS, and 100 g/mL purified salmon sperm DNA. Blots plastic tube to allow for continuous recording of intra-
arterial pressure and heart rate [35]. After an initial two-were washed three times for 10 minutes at 42C in 2 
SSC containing 1% SDS and three times for 20 minutes hour period, during which hemodynamic parameters
reached baseline values, blood pressure was measuredin 0.1  SSC containing 1% SDS. Exposure times of all
membranes to x-ray film (X-OmatAR; Kodak, Co., for 10 minutes. The animals were then killed with an
overdose of methohexital and immediately infusedSwitzerland) were chosen to optimize the signals under
conditions preventing saturation. To normalize signal through the left ventricle with 50 mL DEPC. Kidneys
were removed, weighed, and rapidly frozen in liquidlevels, each filter was rehybridized with probes for the
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and in BAE cells (Fig. 1, lane 2). The 40 kD band is
immunolabeled in the latter cells and was no more seen
after the antibodies had been preincubated with the fu-
sion protein Cx40-GST (Fig. 1, lane 3). Immunoblots of
samples prepared from rat aorta (Fig. 1, lane 4) and
kidneys (Fig. 1, lanes 5 through 8) also showed the pres-
ence of a single immunostained protein of approximately
40 kD, which had the same mobility as that revealed in
BAE cells.
When used for section immunolabeling, the antibodies
against Cx40 decorated punctated regions of rat aorta,
where the membranes of adjacent endothelial cells were
closely apposed and featured the pentalaminar appear-
ance typical of gap junctions (Fig. 2). This specific stain-
ing was not seen in the negative controls described in
Fig. 1. Antibodies against Cx40 detect the same protein in kidney and the Methods section. No labeling was detected in theaorta. Lanes 1, 2, and 4 through 8 were probed with affinity-purified
nuclear and cytoplasmic compartments of endothelialrabbit antibodies against residues 231 to 330 of rat Cx40. Lane 3 was
probed with the same antibodies that had been preincubated with a cells, as well as in the smooth muscle cells and connective
fusion protein coupling gluthatione transferase to amino acids 231 to
fibers of the aortic wall (Fig. 2).330 of rat Cx40. Lane 1 was loaded with a bacterial extract containing
amino acids 231 to 330 of rat Cx40 fused to C-terminus of gluthatione
S-transferase (Cx40-GST). Lanes 2 and 3 were loaded with 40 g mem- Cx40 localization in the kidney
brane proteins of bovine aortic endothelial cells (BAE). Lanes 4 through
In situ hybridization, using two different probes8 were loaded with 50 g proteins from rat aorta and kidneys. The
antibodies detected a similar protein in all samples, except after preab- against Cx40 cDNA, showed that the transcript of Cx40
sorption with the cognate antigen (lane 3). This major protein had an was expressed by a variety of kidney vessels, including
apparent molecular weight of 40 kD in both BAE, rat aorta, and kidney
intraglomerular capillaries and juxtaglomerular arteri-samples but had a slightly higher mobility in lane 1, reflecting the
different molecular weight of the fusion protein. A comparison of lanes oles (Fig. 3). This distribution matched that of the pro-
7 and 5 and of lanes 8 and 6 indicates that levels of Cx40 were elevated tein, as judged by immunofluorescence labeling (Fig. 4).over control values in both the left clipped kidney (lane 7) and right
Thus, Cx40 was localized in endothelial cells of renalunclipped kidney of hypertensive 2K1C rats (lane 8). Mobility of molec-
ular mass standards is indicated (in kD) on the left side of the figure. arteries and arterioles, including those afferent to glo-
meruli (Fig. 4). In these vessels, Cx40 also appeared to
be highly expressed by cells forming the media layer of
the arteriole wall (Fig. 4). This distribution differed fromnitrogen to be analyzed as described previously in this
article for controls. that of Cx43, which was less abundant and restricted to
the endothelial cells of kidney vessels, particularly those
Statistical analysis of the medulla region (Fig. 4). Double immunolabeling
Densitometric analysis of mRNA signals was per- of sections with antibodies to Cx40 and to renin, which
formed by scanning autoradiograms with an apparatus were detected using fluorescein- and rhodamine-tagged
(Molecular Dynamics, Sunnyvale, CA, USA), which in- secondary antibodies, respectively, revealed that most
tegrates areas and corrects for background. Signals of Cx40 was expressed in a portion of the juxtaglomerular
specific transcripts were related to the corresponding portion of the afferent arteriole, which was also stained
GAPDH signals and expressed relative to the lowest for renin (Fig. 5). At the ultrastructural level, renin-
control ratio, which was assigned the arbitrary value of containing cells were readily identified by immuno-
one. Data were expressed as mean  SEM. Mean blood labeling their characteristic secretory granules (Fig. 6D).
pressure, heart rate, body weight, and relative mRNA Analysis of these cells after immunolabeling with Cx40
levels were compared using superanalysis of variance
showed that this connexin was selectively located at mi-and Fisher’s least significant difference tests (Fisher’s
nute areas of apposition between the membranes of adja-Protected LSD). Statistical significance was defined at a
cent renin-containing cells (Fig. 6 A, B, H), as well asvalue of P  0.05, P  0.01, and P  0.001.
between those of renin and endothelial cells (Fig. 6 E, F).
Furthermore, Cx40 was also found between the endothe-
RESULTS lial cells lining the afferent arteriole (Fig. 6 A, C, G).
Characterization of rabbit antibodies against Cx40 When the orientation of sectioning was favorable, it be-
came evident that the immunolabeled areas displayedAffinity-purified antibodies to Cx40 identified the fu-
the pentalaminar appearance typical of the membranesion protein Cx40-gluthatione transferase (Cx40-GST) in
crude extracts of bacteria expressing it (Fig. 1, lane 1) apposition seen at gap junctions (Fig. 6 G, H).
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Fig. 2. Antibodies against Cx40 specifically
recognize gap junctions. (A) The antibodies
to Cx40 that were used throughout this study
did not stain the internal elastic lamina and
smooth muscle cells (SMC) of a rat aorta.
In contrast, the protein A-gold particles that
were reacted with the antibodies selectively
decorated minute areas of apposition (arrows)
between the membranes of adjacent endothe-
lial cells (EC). (B) At higher magnification,
the area of membrane apposition pointed by
the arrows in (A) features the pentalaminar
appearance characteristic of a gap junction
plaque and is decorated by 15 nm gold parti-
cles, reflecting the presence of Cx40. (C) Im-
munofluorescence labeling with the same anti-
bodies located Cx40 at discrete spots along
the endothelial layer of the rat aortic wall but
not over the media. Note that the endothelial
labeling was interrupted at sites of cell nuclei
(arrow heads). (D) is the phase contrast view
of the field shown in (C). Bar represents 3 m
in (A), 1.1 m in (B), and 70 m in (C and
D). L, lumen of vessel.
Fig. 3. Distribution of Cx40 mRNA in the
kidney. In situ hybridization using two differ-
ent antisense rat cDNA probes specific for
Cx40 demonstrated that the mRNA coding for
this protein is expressed in the endothelium of
small kidney vessels (A), including juxtaglom-
erular arterioles (arrow heads in C and D)
and glomerular capillaries (C and D). No sig-
nal was detected when sections of the very
same kidney were hybridized with a sense
probe (B). Bar represents 100 m.
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Fig. 4. Cx40 and Cx43 are differentially dis-
tributed in the kidney. Specific antibodies
against the carboxy terminus of Cx40 showed
abundant levels of this protein along the endo-
thelium of small kidney vessels (A) and be-
tween media cells of the afferent arteriole (ar-
rowhead in B and C). Much less Cx40 was
also seen between the mesangial and endothe-
lial cells of glomeruli (B). (C) is the phase
contrast of the field shown in (B). Antibodies
to Cx43 showed the presence of this connexin
between the endothelial cells of medium size
(D) and small kidney arterioles, including the
afferent arteriole (arrows in E). In contrast,
Cx43 was not found between the media cells
of the latter vessel (arrowhead in E) and was
barely visible within glomeruli (E). (F) The
phase contrast view of the field shown in (E).
The bar represents 15 m.
Effects of hypertension on Cx40 and Cx43 expression (Fig. 7). These transcript changes correlated with increased
levels of immunoreactive Cx40, as detected by WesternThe characteristics of the rats used in the hypertension
blots of kidney samples from 2K1C rats (Fig. 1). Immu-experiments, as evaluated on the experimental day, are
nofluorescence staining of kidney sections was consistentshown in Table 1. There was no significant difference in
with a stronger expression of Cx40 in the afferent arteri-body weight and heart rate between 2K1C and sham-
ole of hypertensive rats (Fig. 5), but failed to show obvi-operated rats. In contrast, mean intra-arterial blood pres-
ous changes in the abundance of this connexin betweensure of 2K1C animals was higher (P  0.001) than that
endothelial cells of kidneys vessels. However, Northernof normotensive controls. As expected [26], the levels of
blots showed that the transcript of Cx40 was increasedrenin mRNA were increased twofold in the left clipped
(P  0.05) twofold in the aorta of 2K1C animals (Fig. 8),kidney of the 2K1C hypertensive rats compared with
where Cx40 is expressed only in endothelial cells (Fig. 1).those measured in sham-operated animals, but were de-
creased threefold in the controlateral unclipped kidney
(Fig. 7). These changes occurred in the presence of a
DISCUSSION
significant decrease in the weight of the left hypoper-
The first aim of this study was to investigate the distri-fused kidney of 2K1C rats and of a compensatory in-
bution of Cx40 in the rat kidney. Both in situ hybridiza-crease in the weight of the right kidney (Table 1). In
tion and immunofluorescence concurred to show that thiscontrast, the weight of left and right kidneys was similar
connexin has a quantitatively and qualitatively differentin sham-operated animals (Table 1).
distribution than the previously studied Cx43 [17, 36].Quantitative assessment of the very same samples for
Thus, Cx40 and its transcript are expressed not only withinCx43 mRNA showed that compared with control values,
endothelial cells of kidney vessels (at higher levels thanthe levels of this transcript were selectively increased in
Cx43), including glomerular capillaries, but also withinthe unclipped right kidney of 2K1C rats (Fig. 7). In con-
glomerular mesangial cells and, most strikingly, withintrast, Cx40 mRNA was significantly (P  0.01) elevated
in both left and right kidneys of the hypertensive animals the renin-secreting cells of the afferent arteriole. The
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Fig. 5. Cx40 is expressed in the portion of the afferent arteriole that comprises renin-secreting cells. Immunolabeling of the cortex of a rat kidney
showed that Cx40, as revealed using a fluorescein-tagged secondary antibody, was abundant in the juxtaglomerular portion of the afferent arteriole
(A), which was also positive for renin-containing cells, as revealed using a rhodamin-tagged secondary antibody (B). Double exposure of the same
area showed that most of the Cx40 signal colocalized with that of renin, resulting in a yellow staining of the juxtaglomerular portion of the afferent
arteriole (C). Under similar conditions, the antibody to Cx40 usually elicited a more extensive staining in the afferent arteriole of hypertensive
(E) than normotensive rats (D). The bar represents 22 m in (A–C) and 11 m in (D and E).
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Fig. 6. Cx40 links renin-containing cells, en-
dothelial cells, as well as renin and endothelial
cells of the afferent arteriole. The ultrastruc-
tural distribution of Cx40 was studied in sec-
tions of the juxtaglomerular portion (gc, glo-
merular capillary) of afferent arterioles (aa).
(A) As judged by the decoration of the protein
A-gold particles that were reacted with the anti-
bodies to Cx40, this connexin was selectively
located at minute areas of apposition between
the membranes of renin-containing (rc; rect-
angle 1) and endothelial cells (ec; rectangle 2).
(B and C) Higher magnification views of the
fields outlined by rectangles 1 and 2 in (A).
(D) Renin-containing cells were identified by
their characteristic secretory granules, which
were decorated by protein A-gold particles
when reacted with antirenin antibodies. (E )
Cx40 was also found at contacts between the
membranes of renin-containing and endothe-
lial cells (rectangle 3). (F ) Higher magnifica-
tion view of the field outlined by rectangle 3
in (E). (G and H ) when the orientation of
sectioning was favorable, the areas immunola-
beled for Cx40 between endothelial cells (G)
and between renin-containing cells (H) dis-
played the pentalaminar appearance of mem-
brane appositions (the arrowheads point to
the middle dark line), characteristic of gap
junctions in aldehyde-fixed tissues. The bar
represents 1.5 m in A; 150 nm in B, C, and
F; 500 nm in D and E; 125 nm in G; and 112
nm in H.
latter localization extends to the rat the observations just [2, 4, 5]. This study provides novel support to this view
and further documents that different types of endocrinereported in mouse during the final preparation of this
article [37]. Connexin expression appears to be an obliga- cells use different connexin patterns to form gap junc-
tions [4, 5, 38], presumably benefiting of specific conduc-tory characteristic of endocrine glands, presumably be-
cause hormone-producing cells require gap junctional tance, permeability, and regulatory characteristics of the
channels made by different connexin species [6, 39].communication to coordinate their secretory functioning
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Table 1. Characteristics of rats on the experimental day
Kidney weight g
Number Body wt MBP HR
Groups of rats g mm Hg bpm Lefta Right
2K1C 12 2988 2029d 41811 0.880.03b 1.180.02c
Sham 12 2927 1233 3929 0.970.04 1.010.01
Abbreviations are: Body wt, body weight; MBP, mean blood pressure; HR, heart rate; 2K1C, two-kidney, one-clip hypertension model.
a The artery of left kidney was constricted by a clip of 0.2 mm internal diameter
b P  0.05 vs Sham
c P  0.001 vs Sham
d P  0.001 vs Sham
Fig. 7. Expression of Cx40, Cx43, and renin
genes in kidneys of normotensive and hyper-
tensive rats. (A and B) Northern blots re-
vealed that compared with the levels normal-
ized to the GAPDH signal observed in sham-
operated animals, the levels of the Cx40 tran-
script were increased in both left (LK) and
right (RK) kidneys of 2K1C rats, whereas those
of the Cx43 transcript were increased only in
the unclipped right kidney (RK). The blots
also show that the expression of the renin gene
was markedly enhanced in the clipped left
kidney (LK) and decreased in the unclipped
right kidney of the hypertensive 2K1C rats.
In the very same samples, levels of GAPDH
mRNA were not modified. In left panels, each
lane shows a sample of left kidney from a
different rat. In right panels, corresponding
lanes show samples of right kidneys of the
very same animals. All lanes were loaded with
6 g poly A mRNA. (C) Quantitative assess-
ment of nine experiments (one per rat) con-
firmed that the levels of Cx40 mRNA were
increased (P  0.01) approximately twofold
over control values in both left (LK) and right
(RK) of 2K1C rats. In contrast, those of Cx43
were significantly increased only in the right
unclipped kidney of 2K1C rats. Values repre-
sent ratios of densitometric measurements of
either Cx40 or Cx43 and GAPDH mRNAs
and are expressed as mean SEM. *P 0.05;
**P  0.01 level.
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Fig. 8. Expression of the Cx40 gene in aortic endothelial cells of 2K1C hypertensive rats. (A) Northern blots revealed that the levels of Cx40
mRNA were higher in the aorta of hypertensive 2K1C rats than in that of sham-operated, normotensive controls. Each lane is from a different
animal and was loaded with 15 g RNA. (B) Quantitative densitometric analysis of eight independent experiments (one per rat) showed that relative
to the levels of GAPDH mRNA that were constant, those of Cx40 mRNA were twice as high in 2K1C than in sham-operated rats. *P  0.01.
In the case of renin-secreting cells, gap junctions might of ultrastructurally detectable gap junctions [12, 14–16,
40, 41]. It also suggests that the different cell types thatcontribute to the detection and propagation of blood-
borne signals, such as those elicited by increased blood form the juxtaglomerular apparatus may exchange
through connexin channels signals reaching both the en-pressure. Within the kidney, such signals need to be
converted into autocrine, paracrine, and endocrine stim- dothelial and the adventitial side of the afferent arteriole,
or being generated at these sites. Such a communicationuli by the endothelial cells of the afferent arteriole and
then transmitted to the renin-secreting cells. This system network has the potential to coordinate the function of
endothelial and renin-producing cells, thus establishingrequires that the different cell types that collectively
form the juxtaglomerular apparatus be interconnected a fully synchronized multicellular unit [13, 42]. The rapid
open to close transitions of gap junctions channels andby functionally compatible connexin channels. No sup-
port for this requirement was provided by a previous the fast turnover of connexin proteins, further imply that
the Cx40-mediated circuitry may readily respond to localstudy that could not demonstrate the presence of Cx40
between the endothelial cells of the juxtaglomerular por- vascular changes [8], presumably ensuring the continu-
ous feedback that is required to match glomerular andtion of the afferent arteriole [37]. Here, in contrast, using
novel and affinity-purified antibodies that identify Cx40 tubular function, as well as renin secretion, to physiologi-
cal demands.at gap junction plaques, we demonstrate that the same
connexin (Cx40) that links renin-producing cells is also In view of the central role of the juxtaglomerular appa-
ratus in the regulation of renin secretion [43] and,abundantly expressed by the endothelial cells of the jux-
taglomerular afferent arteriole. Furthermore, our elec- thereby, in the control of cardiovascular homeostasis,
the second aim of this study was to determine whethertron microscopy analysis extends these observations by
showing that within the afferent arteriole, Cx40 contrib- chronic, angiotensin II-dependent hypertension affects
the expression of Cx40 in kidney and aorta, as reportedutes to junction formation not only between homotypic
myoepithelial, renin-containing and endothelial cells but in the hypertrophic heart of some hypertensive animals
[23]. To this end, we have investigated the 2K1C ratalso between heterotypic renin-producing and endothe-
lial cells. This complex distribution closely matches that experimental model in which hypertension is established,
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after constriction of one renal artery [20, 21, 26]. In this dated. At this stage, our data indicate that Cx40 is an
endothelial and kidney specific marker associated withmodel, increased renin secretion enhances the proteo-
lytic cleavage of angiotensinogen into angiotensin I, lead- hypertensive vascular changes. The findings raise the
possibility that this gap junction protein may contributeing to increased processing of this peptide by the angio-
tensin-converting enzyme. This pathway results in an to the pathogenesis of hypertension diseases resulting
increased generation of the biologically active angioten- from defects of the renin-angiotensin system.
sin II, a potent vasoconstrictor peptide that also pro-
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